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Edited by Miguel De la RosaAbstract The WW domain is known as one of the smallest pro-
tein modules with a triple-stranded b-sheet fold. Here, we present
the solution structure of the second WW domain from the mouse
salvador homolog 1 protein. This WW domain forms a homodi-
mer with a b-clam-like motif, as evidenced by size exclusion
chromatography, analytical ultracentrifugation and NMR spec-
troscopy. While typical WW domains are believed to function as
monomeric modules that recognize proline-rich sequences, by
using conserved aromatic and hydrophobic residues that are sol-
vent-exposed on the surface of the b-sheet, this WW domain bur-
ies these residues in the dimer interface.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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homolog 1 protein1. Introduction
The WW domain is known as a small protein module, com-
posed of 30–40 amino acids, that folds into a monomeric, tri-
ple-stranded, anti-parallel b-sheet, without the assistance of
disulﬁde bonds or metal chelation. Its small size and compact
fold have drawn attention for studies of protein folding, stabil-
ity and design [1–5]. It typically has two conserved tryptophan
residues spaced 20–23 amino acids apart (and thus is called the
WW domain), and one conserved proline residue located three
residues after the second conserved tryptophan. WW domains
usually recognize various proline-rich sequences by using con-
served aromatic and hydrophobic residues that are exposed on
the surface of the b-sheet. The amino acid pattern of these con-
served residues determines the speciﬁcity of the proline-rich li-
gands, which has allowed the classiﬁcation of WW domains
into four groups [6–8].Abbreviations: mSAV1 WW2, the second WW domain of the mouse
salvador homolog 1 protein
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doi:10.1016/j.febslet.2007.01.008Eukaryotic salvador (sav) was recently identiﬁed as an
important gene that promotes both cell cycle exit and apopto-
sis [9]. The sav1 gene from mouse encodes the salvador homo-
log 1 protein with 386 amino acid residues. The protein
sequence was predicted to contain three structural domains
on the Swiss-Prot database [10] (primary accession number:
Q8VEB2): two WW domains in the middle, followed by the
C-terminal SARAH domain, which has a coiled-coil motif
(Fig. 1A). The sequence homology between these two WW do-
mains is not high (identity = 37.1%, positives = 71.4%,
Fig. 1B), suggesting a diﬀerence in their functional roles.
According to a sequence-based prediction of the ligand-bind-
ing speciﬁcity [6–8], the ﬁrst WW domain of the salvador
homolog 1 protein is classiﬁed into the Group I WW domain,
which interacts with the PPXY (‘‘PY’’) motif. In contrast, the
second WW domain has a tyrosine substitution of the second
conserved tryptophan residue that plays a key role in ligand
binding, and therefore, its functional role may diﬀer from
those of the canonical WW domains [11,9] (Fig. 1B). In addi-
tion, the same tyrosine substitution is conserved between the
second WW domains in orthologues of the salvador homolog
1 protein, suggesting the unique role of this atypical WW do-
main (Fig. 1C).
In this study, we have determined the three-dimensional
structure of the second WW domain from the mouse salvador
homolog 1 protein (mSAV1 WW2) by solution NMR spectros-
copy. Notably, this WW domain forms a homodimer with a b-
clam-like motif. This is the ﬁrst discovery of a WW domain
that is capable of forming a dimer. We provide evidence for
the homodimer formation from diﬀerent experimental tech-
niques, and discuss the biological implications based on the
present structure.2. Materials and methods
2.1. Protein expression and puriﬁcation
The DNA encoding the mouse SAV1 gene was subcloned by PCR
from the mouse cDNA clone locus AAH19377 (Mouse Ultimate Full
ORF Gateway(R) Shuttle Clones, Invitrogen, ID: IOM16694). The re-
gion between P231 and P266 was cloned into the expression vector
pCR2.1 (Invitrogen) as a fusion with an N-terminal His6 aﬃnity tag
and a tobacco etch virus (TEV) protease cleavage site. The actual con-
struct contains seven extra residues (GSSGSSG) after the TEV cleav-
age site and six extra residues at the C-terminus (SGPSSG) that areblished by Elsevier B.V. All rights reserved.
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Fig. 1. (A) Predicted domain structure of the mouse salvador homolog 1 protein. The domain map is illustrated based on the prediction by the Swiss-
Prot database [10]. (B) Comparative representation of the amino acid sequences of the ﬁrst and second WW domains and the LOGO plot of the seed
sequences of the WW domains deﬁned by the Pfam database [35]. The numbers under the sequences correspond to the residue numbers in the full
length salvador homolog 1 protein. The two conserved tryptophan sites are marked with arrows. (C) Sequence alignment of the second WW domain
of the salvador homolog 1 protein from multiple organisms. The substitution at the second conserved tryptophan is marked in red.
S. Ohnishi et al. / FEBS Letters 581 (2007) 462–468 463derived from the expression vector. The fusion protein was synthesized
by the cell-free protein expression system using 13C/15N-labeled amino
acids [12,13], and was puriﬁed using a chelating column, as described
elsewhere [14]. The puriﬁed protein was concentrated to 1.2 mM in
20 mM d-Tris–HCl buﬀer (pH 7.0) containing 100 mM NaCl, 1 mM
D-dithiothreitol, 10% D2O and 0.02% NaN3.
2.2. Analytical size exclusion chromatography
The size exclusion chromatography was carried out using an LC-
10ADvp system (SHIMADZU, Kyoto, Japan) with a TSKgel
G2000SWXL column (7.8 mm I.D. · 30 cm, TOSOH, Tokyo, Japan)
that was pre-equilibrated with 20 mM sodium phosphate buﬀer (pH
6.0) containing 200 mM Na2SO4. A 10 lL aliquot of the puriﬁed
WW domain sample was injected into the column, with a ﬂow rate
of 1.0 mL/min, and the elution was monitored by UV absorbance at
both 215 and 280 nm.
2.3. Analytical ultracentrifugation
Sedimentation equilibrium experiments were performed using a
Beckman Optima XL-I centrifuge. Experiments were carried out with
100 ll samples of the WW domain, at 0.4, 0.2, and 0.1 mg/ml concen-
trations in 20 mM Tris–HCl (pH 7.0), using six channel centerpieces.
An 8-position rotor (An-50 Ti) was rotated for 16 h at 23000 rpm,
25000 rpm, and 27000 rpm. Data were collected after 12 h, 14 h, and
16 h at each speed, by monitoring the UV absorbance at 280 nm.
The protein samples were then completely sedimented at 40000 rpm
for 6 h, to generate the baseline. Data were analyzed using a partial
speciﬁc volume of 0.6991 ml/g and a solvent density of 1.00293 g/ml
to determine the molecular weight, using the XL-A/XL-I Data Analy-
sis software, Ver. 6.03.
2.4. NMR spectroscopy
All spectra were recorded on Bruker Avance 600 and 800 spectrom-
eters at 298 K. Resonance assignments were accomplished using a con-
ventional set of triple resonance spectra, as described previously [14],and have been deposited in the Biological Magnetic Resonance data
Bank (BMRB) (accession number: 10028). Interproton distance re-
straints were obtained from 15N and 13C edited NOESY spectra, both
recorded with a mixing time of 150 ms. To identify the intermolecular
NOE peaks, the 13C ﬁltered 13C-edited NOESY spectrum [15] was re-
corded for the mixture of 1.0 mM 15N–13C-labeled protein and 1 mM
non-labeled protein, in 20 mM d-Tris–HCl buﬀer (pH 7.0) containing
100 mM NaCl and 99.9% D2O. All spectra were processed using
NMRPipe [16], and the programs Kujira [N. Kobayashi, personal
communication] and NMRView [17] were employed for optimal visu-
alization and spectral analyses.
2.5. Collection of conformational restraints, structure calculation and
reﬁnement
Automated NOE cross-peak assignments [18] and structure calcula-
tions with torsion angle dynamics [19] were performed using a modi-
ﬁed version of the program CYANA 2.1 [20,21], which takes the
homodimer symmetry explicitly into account for the network-anchor-
ing of the NOE assignments [18]. In the process of the structural solu-
tion, torsion angle diﬀerence restraints on all corresponding torsion
angles were imposed to ensure the identical conformation of the two
monomers. In addition, distance diﬀerence restraints between symme-
try-related intermolecular Ca–Ca distances were applied to maintain a
symmetric relative orientation of the two monomers. Backbone torsion
angle restraints obtained from database searches with the program
TALOS [22] were incorporated within the structural calculation. CY-
ANA structure calculations were started from 100 randomized con-
formers, and simulated annealing with 20000 torsion angle dynamics
time steps per conformer was performed. The 20 conformers with
the lowest ﬁnal CYANA target function values were subjected to re-
strained energy minimization in explicit solvent against the AMBER
force ﬁeld [23], using the program OPALp [24,25]. The protein was im-
mersed in a shell of water molecules with a thickness of 8 A˚. A maxi-
mum of 3000 steps of restrained conjugate gradient minimization were
applied, using the standard AMBER force ﬁeld and a pseudo-potential
for NOE upper distance bounds that was proportional to the sixth
464 S. Ohnishi et al. / FEBS Letters 581 (2007) 462–468power of the restraint violation. The force constant was chosen such
that a restraint violation of 0.1 A˚ contributed 0.9 kcal/mol to the po-
tential energy. The structural quality was evaluated with PRO-
CHECK-NMR [26], and the coordinates have been deposited in the
Protein Data Bank database (PDB code: 2DWV). The program MOL-
MOL [27] was used to calculate the aromatic ring current shift eﬀects
and to visualize the structures.3. Results and discussion
3.1. Hydrodynamic properties
The puriﬁed fraction of mSAV1 WW2 showed a single peak
on the size exclusion chromatography with a signiﬁcantly
shorter retention time than that expected from the theoretical
molecular weight of a protein with 49 amino acid residues, sug-
gesting possible dimer formation (Fig. 2A). The dimer forma-
tion of the present WW domain was conﬁrmed by the high-C
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Fig. 2. (A) Size exclusion chromatography of mSAV1 WW2, monitored by
predicted elution positions for a WW domain monomer. (B) Equilibrium an
radial distribution of absorbance in the centrifuge cell at equilibrium at 250
through the data represents the ﬁt to a single species with a molecular weigh
upper panel. (C) A 1H–15N HSQC spectrum of mSAV1 WW2. Red signals r
with * are signals from the residues in the artiﬁcial tags of the present construc
WW domain. Red signals represent folded peaks due to a narrow spectrumspeed sedimentation equilibrium study, using analytical ultra-
centrifugation. The radial distributions of the WW domain
samples at various concentrations all ﬁt well to a single expo-
nential curve corresponding to a molecular weight of 11863,
while the theoretical value is 5592 (Fig. 2B). This suggests that
the majority of the present WW domain is in a dimeric state.
Since the WW domain is generally considered to be a mono-
meric protein module [28,8], this novel ﬁnding of dimer forma-
tion highlights the importance of the structural determination
of the dimeric mSAV1 WW2.
3.2. NMR spectroscopy and structural determination
As shown in Fig. 2C and D, mSAV1 WW2 showed well-re-
solved HSQC spectra with a single set of resonance assign-
ment, suggesting that it adopts a single conformer in
solution. The chemical shifts, as well as the linewidths, were
insensitive to the 24-fold dilution of the sample solution,D
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Table 1
NMR restraints and structure calculation statistics
Quantity Value
NOE distance restraints
Total 1582
Short-range (|i  j| 6 1) 815
Medium-range (1 < |i  j| < 5) 217
Long-range (|i  j| P 5) 550
Intermolecular 150
Maximal violation (A˚) 0.14
Torsion angle restraints
/ 22
w 22
Maximal violation () 0.41
CYANA target function value (A˚2) 0.49 ± 0.15
AMBER energies (kcal/mol)
Total 3401 ± 128
van der Waals 210 ± 15
Electrostatic 3888 ± 127
Ramachandran plot (%)a
Residues in most favored regions 79.3
Residues in additional allowed regions 19.9
Residues in generously allowed regions 0.8
Residues in disallowed regions 0.0
RMSD from the averaged coordinates (A˚)a
Backbone atoms 0.36
Heavy atoms 0.71
Where applicable, the value given corresponds to the average over the
20 energy-reﬁned conformers that represent the solution structure.
CYANA target function values were computed before energy reﬁne-
ment.
aFor residues L237–P266 (dimer).
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Fig. 3. (A) Superposition of the 20 energy minimized conformers that
represent the structure of mSAV1 WW2 in the b-clam-like homodi-
meric form. Yellow lines represent intermolecular distance constraints.
The N- and C-termini are labeled. (B,C) A ribbon representation of
one molecule of the WW domain dimer (B) and that of the dimer with
the identical view angle (C). Key residues in the dimer interface are
highlighted with a neon representation, and His256 is also highlighted.
The N- and C-termini are labeled.
S. Ohnishi et al. / FEBS Letters 581 (2007) 462–468 465suggesting that conformation of the present WW domain is
independent from protein concentration, at least, for the range
between 0.05 mM and 1.2 mM. We could assign 98.5% of all
non-labile and backbone amide 1H chemical shifts, excluding
the artiﬁcial tail regions that are unstructured in solution.
The main challenge for the structure determination was the
distinction between the intramolecular and intermolecular
NOEs. We prepared an intermolecular NOE peak list from
the 13C-ﬁltered 13C-edited NOESY experiment [15], which
was designed to selectively detect the NOEs from protons
covalently attached to 12C to a proton of interest that is at-
tached to 13C. This experiment was applied to the 1:1 mixture
of the 15N–13C-labeled protein and the non-labeled protein, in
which 50% was assumed to form a dimer between the labeled
protein and the non-labeled protein, with 25% between the
non-labeled proteins, and the rest between the labeled proteins.
Thus, the 13C-ﬁltered experiment detects NOEs between 13C-
attached protons and 12C-attached protons from the 50% frac-
tion of the total dimeric molecules. In practice, it appears that
the 13C-ﬁltered NOESY spectrum showed residual signals
from intra-residue spin pairs due to incomplete isotope label-
ing, which could not be clearly discriminated from the inter-
molecular signals between symmetrically positioned residues.
For example, Val254 is located in the center of the dimer inter-
face, as revealed later, and the residual NOE signal between
the intraresidual pairs of Hb and Ha of Val254 is indistinguish-
able from the signal between Hb of Val254 of molecule 1 and
Ha of Val254 of molecule 2. Therefore, we did not select NOE
peaks between intraresidual spin pairs but only unambiguously
assigned intermolecular NOE cross peaks. The automated
NOESY assignment algorithm of CYANA allowed only inter-
molecular assignments for these peaks, and assigned 61 out the
62 13C-ﬁltered NOESY cross peaks. In contrast, both the
intramolecular and intermolecular assignments were allowed
for the cross peaks from the two conventional NOESY spec-
tra. The initial ambiguity between the intramolecular and
intermolecular assignment possibilities was represented by
the ambiguous distance restraints [29]. Overall, 98.3% of all en-
tries in the NOESY peak lists were assigned by CYANA,
which yielded 150 intermolecular and 1432 meaningful intra-
molecular NOE distance restraints (Table 1). The 20 conform-
ers with the lowest ﬁnal CYANA target function values were
further reﬁned by restrained energy minimization in explicit
solvent using OPALp [24,25]. The resulting 20 energy-mini-
mized conformers represent the homodimeric structure of
mSAV1 WW2 (Fig. 3A). Disordered N- and C-terminal re-
gions correspond to the extra residues coming from the expres-
sion vector.
The dimer structure of mSAV1 WW2 is highly symmetric,
and each molecule of the dimer exhibits a global fold with
the triple-stranded antiparallel b-sheet, typical of the canonical
WW domains (strand 1, W241–S246; strand 2, G250–D255;
strand 3, R260–Q262) (Fig. 3). Most remarkably, the mSAV1
WW2 dimer buries the conserved hydrophobic and aromatic
residues that are important for ligand binding in the interface.
3.3. Factors that stabilize dimer formation
WW domains typically have conserved aromatic and hydro-
phobic residues exposed on the b-sheet that are used for ligand
binding. In the case of the present WW domain, in contrast,
these key residues are buried in the interface of the b-clam-like
homodimer (Fig. 3C), which has not been reported in the
466 S. Ohnishi et al. / FEBS Letters 581 (2007) 462–468literature to date. A sequence alignment with 20 known WW
domain entries from the PDB databank (Fig. 4A) suggested
a few sites that may be responsible for the dimer formation:
Val244 and Ala261 at the conserved hydrophilic sites, which
both increase the hydrophobicity of the dimer interface; and
the deletion between Gly250 and Thr251 that causes a bend
in the turn between strand 1 and strand 2, which enables
Phe249, at the conserved hydrophilic site, to form an aromatic
pocket with Tyr252 and Tyr263 (Figs. 3B and 4B). A structural
comparison with one of the canonical WW domains highlights
the uniqueness of the twisted turn and the conﬁguration of
Phe249 (Fig. 4B). Presumably, this bend in the turn is linked
to the formation of the aromatic pocket, which is one of the
most critical factors for the dimer formation.
The substitution of the C-terminal conserved tryptophan by
tyrosine (Tyr263) appears to be important for creating an
aromatic pocket with a shape suitable for docking with the
surface-exposed histidine (His256) of the other molecule
(Fig. 3C). However, this substitution by itself is not directly
linked to the dimer formation, since some PDB entries that
lack the second conserved tryptophan represent monomeric
WW domain structures (1TK7, 1WMV, and 2DJY). Notably,
the aromatic packing at the interface is most supported by the
unusual upﬁeld resonance shifts of Hd2 (5.47 ppm) and He1
(5.20 ppm) of His256 (Fig. 2D), while the chemical shift values
of Hd2 and He1 of histidine, derived from the BMRB statistics,
are on average 7.07 ppm and 8.00 ppm, respectively. AberrantA
B F249
Y263
Y252
Fig. 4. (A) Sequence alignment of mSAV1 WW2 (2DWV) with 20 canonica
The numbers above the sequences correspond to the residue number of the p
Comparison between the mSAV1 WW2 structure (left) and that of one cano
and Tyr263 in the present WW domain, as well as those of their counter
highlighted with a neon representation.downﬁeld resonance shifts of histidine imidazole protons over
1.5 ppm deviation from the average values have been reported
for some proteins, where these imidazole protons are involved
in tight hydrogen bonds [30,31]. In contrast, unusual upﬁeld
resonance shifts of the imidazole protons of His256 can be well
explained by ring current shifts upon immobilization of this
imidazole ring into the aromatic pocket formed with Phe249,
Tyr252, and Tyr263 (Fig. 3B and C). Using the 20 energy-re-
ﬁned dimer conformers, the ring current shifts of Hd2 and
He1 of His256 were calculated up to 2.3 ppm and
2.1 ppm, respectively, while only negligible ring current
shifts, of up to 0.15 ppm for Hd2 and 0.05 ppm for He1,
were obtained, based on the hypothetical monomeric form,
in which the side-chain of His256 is exposed to the solvent
(Fig. 3B). The BMRB database contains chemical shift data
for six WW domains that have a histidine in the equivalent se-
quence position. Their aromatic chemical shift values are in the
ranges of 6.04–7.13 ppm for Hd2 and 6.74–8.30 ppm for He1.
This highlights the peculiarity of the present case, and suggests
that the present WW domain forms a homodimer, while the
other WW domains are monomeric.
The imidazole chemical shifts of His256 were 240.43 ppm for
15Nd and 160.78 ppm for
15Ne, respectively, suggesting that this
histidine, buried in the dimer interface, adopts the N e2-H tau-
tomer [32]. Since histidine is an ionisable residue, it is of great
interest to examine eﬀect of pH on the stability of the dimer
with the histidine embedded interface. As shown in Fig. 5A,Y29
W39
Q26
l WW domains that were arbitrarily selected from the PDB databank.
resent WW domain in the full length salvador homolog 1 protein. (B)
nical WW domain (1K9Q) (right). The side chains of Phe249, Tyr252,
parts (Gln26, Tyr29, and Trp39) in the canonical WW domain, are
Fig. 5. HSQC spectra of mSAV1 WW2 recorded at various pHs. The
1H–13C HSQC spectra for the aromatic region (A) and the 1H–15N
HSQC spectra (B) were recorded at pH 8.8 (magenta), 6.9 (blue), 6.4
(green), 5.5 (red), and 4.4 (black). These pH values represent direct pH
readings of the samples that contain 10% D2O.
S. Ohnishi et al. / FEBS Letters 581 (2007) 462–468 467the abnormal imidazole resonances of His256 were little per-
turbed by changing pH from 8.8 to 6.4. In contrast, at pH
4.4, they became typical for the imidazole resonances of
protonated histidine (Hd2  7.2 ppm, Cd2  131 ppm, He1 
8.6 ppm, Ce1  136 ppm) [31]. This acidic sample became
slightly turbid over time, and the 1H–15N HSQC peaks of this
sample were collapsed around 8.3 ppm (Fig. 5B), suggesting
that the protein is denatured at this pH. At pH 5.5, two reso-
nance sets, that are indicative of the homodimeric form and
the acid denatured form, were observed both in the 1H–13C
aromatic HSQC spectrum and the 1H–15N HSQC spectrum
(Fig. 5). Thus, stability of the mSAV1 WW domain homodi-
mer is pH dependent, which is linked to the ionization state
of His256. Although typical WW domains are usually stable
in the monomeric state, it is likely that the monomeric form
of the present WW domain is unstable, as dissociation of the
homodimeric form results in the denaturation of the WW
domain.
3.4. Biological implications
As shown in Fig. 1A, the salvador homolog 1 protein has
two tandem WW domains. A previous study reported that
the sav gene regulates cell numbers in cooperation with an-other gene, wts, and that the salvador homolog 1 protein inter-
acts with the wts-encoded protein, the serine/threonine-protein
kinase LATS1 [9]. The ﬁrst WW domain is predicted to belong
to the Group I WW domain that speciﬁcally recognizes the
‘‘PY’’ motif [6–8], which occurs twice in the mouse LATS1
protein. A pull-down assay demonstrated that the region con-
taining the two WW domains of the salvador homolog 1 pro-
tein interacts with the mouse LATS1 protein, and that the
interaction was inhibited by the addition of a peptide derived
from the PY motifs of the LATS1 protein [9]. Moreover, this
inhibition was lost by the replacement of the tyrosine residue
of the PY motif peptide that is required for the interaction with
the Group I WW domains [9]. Therefore, the ﬁrst WW domain
is probably responsible for the interaction with the LATS1 ki-
nase. In contrast, the second WW domain forms a homodimer
using the peptide-binding site as the dimer interface, and there-
fore it is unlikely to interact with other protein molecule(s).
The characteristic sequence pattern in this atypical WW do-
main that is probably responsible for the dimer formation is
conserved among the orthologous proteins (Fig. 1C). More-
over, orthologues of the full-length salvador homolog 1 pro-
tein show the greatest degree of conservation in the region
spanning from the second WW domain to the C-terminal
end, and a coiled-coil motif that serves as the self-association
interface is predicted in the downstream region of the second
WW domain (Fig. 1A). Taken together, these observations
led to the hypothesis that the salvador homolog 1 protein
self-associates in the functional form, and this is facilitated
by its atypical WW domain.
Recently, Hippo, the Drosophila homologue of the mamma-
lian Ste20-like kinases MST1/MST2, was also found to inter-
act with the salvador protein from Drosophila during the
regulation of cell proliferation and apoptosis [33]. The C-ter-
minal 60 residues of Hippo reportedly dimerize [34], and an
immunoprecipitation study revealed that the C-terminal do-
main of the Drosophila salvador protein, which corresponds
to the SARAH domain in the mammalian salvador homolog
1 protein (Fig. 1A), binds to the dimerization domain of Hippo
[33]. These results suggest that the salvador protein may act as
a scaﬀold to assemble signaling complexes comprising the Hip-
po and LATS kinases, which is consistent with the above
hypothesis.
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